Abstract
Maintenance of forest treatments is a critical issue for forest management because millions of ha of forests adapted to frequent-fire regimes are being treated or proposed for treatment to reduce fuel hazards and restore ecosystem processes. We modeled forest change for 100 years on actual restored and control ponderosa pine forest landscapes in the southwestern USA, comparing alternative management regimes that included prescribed burning, tree cutting, and no-management. We applied the Forest Vegetation Simulator, a widely used model, both in its standard form and with modifications to simulate the effects of two levels of predicted climate change causing reduced tree growth and increased mortality. Climate change effects had the greatest influence on the future forest. Under any scenario, the no-management alternatives led to the highest forest density after 100 years. In the absence of climate change effects, several management regimes, including the application of frequent surface fires emulating the historical frequency (~ 5 yr), were capable of maintaining future forest structure within a target range of variability. Simulations that accounted for climate change effects, however, indicated that burning intervals should be lengthened (~ 20 yr) and future tree thinning should be avoided to minimize forest decline. The decisions that managers make in the near future have longterm ramifications for the forest. Until more information is available about future climate and its effects, a conservative management strategy using surface fire at relatively long intervals could maintain beneficial treatment effects without foreclosing options for future forest structure; this approach may also have advantages in terms of reduced cost and smoke outputs. While it has been widely predicted that future climate conditions will support more burning (warmer, drier fuels, longer fire season), our modeling suggests that the production of fuels will decline, so there will eventually be a tradeoff between increased fire driven by climate vs. less fuel, also driven by climate.
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Background and Purpose
In an effort to decrease stand-replacing fires and restore ecosystem function, prescribed thinning and burning treatments have been used in many Southwestern ponderosa pine forests (Covington et al. 1997 , Allen et al. 2002 , Waltz et al. 2003 . Implementing forest restoration treatments is only a first step towards sustainable forest management. Long-term management of treated ecosystems presents a variety of challenges including the effectiveness of maintenance treatments, scheduling future management actions, estimating future costs and benefits, and accounting for uncertainty. Vegetation simulation modeling that incorporates fire and other management actions is a useful tool for forecasting the effects of treatments under alternative future scenarios (Keane et al. 2004, Hurteau and North 2009 ).
Modeling for long-term management requires consideration of climate change. The climate of the southwestern United States is predicted to become drier over the next century as higher temperatures result in greater evaporative loss, increasing the potential for severe drought (Seager et al. 2007 ).
Drought causes water stress that often leads to forest dieback and species migration, changing the vegetative structure and composition of forests (Allen and Breshears 1998 , Breshears et al. 2005 , Mueller et al. 2005 . The predicted increase in the frequency and intensity of future droughts in the Southwest is likely to increase tree mortality Breshears 1998, Gitlin et al. 2006 ) and reduce growth.
The Mt. Trumbull restoration site located on the Arizona Strip in northwestern Arizona is the largest long-standing (since 1995) ponderosa pine restoration project in the Southwest (Friederici 2003) . This well-monitored project has been a pioneer site for providing landscape scale data on forest restoration effects on vegetation, wildlife, and fire hazard (Waltz and Covington 1999 , Fulé et al. 2001 , Germaine and Germaine 2002 , Roccaforte et al. 2008 . Although the site has been managed for the first stages of restoration, the future of the Mt. Trumbull forest ecosystem depends on the choice of strategy to maintain restored sites. We selected Mt. Trumbull to model the effects of alternative practical management approaches because it is a realistic landscape example, useful for both the Southwest and the Great Basin, where treatments have already been implemented and measured. PURPOSE: Our goal in this study was to compare treatment methods and schedules for long-term maintenance of forest restoration treatments. We applied a forest simulation model both in its standard form and with modifications to account for climate change effects to forecast changes in tree structure, biomass, potential forest products, and carbon under alternative treatment scenarios. Our specific objectives were to 1) forecast tree growth for 100 years under alternative climate and management scenarios using the Forest Vegetation Simulator (FVS); 2) estimate changes in forest structure, biomass, carbon, and wood removed under the different scenarios; and 3) use this information to compare management alternatives.
Study Description and Location

Site Description
The Mt. Trumbull ecosystem restoration project covers over 1,200 hectares between the Mt. Logan
Wilderness and the Mt. Trumbull Wilderness in the Uinkaret Mountains (latitude 36°22'N, longitude 113°7'W) in the Grand Canyon-Parashant National Monument, managed by the Bureau of Land Management (BLM) and the National Park Service (NPS) . The Mt. Trumbull site was chosen for this study because 1) it is a deliberately designed ecological restoration experiment based on extensive study of historical forest pattern and process, representing an approach that has been widely advocated for western forests (e.g., Allen et al. 2002) ; 2) the site has a deep data set with pre-treatment measurements beginning in 1995 and a landscape-scale control area; all sites were recently remeasured in 2003 (Roccaforte et al. 2009 ); and 3) it is a real project with the work completed on the ground, not a hypothetical analysis. Forest treatments do not always turn out exactly as planned , which is why a real example may be a better starting point for modeling than a simulated treatment. 
Field Methods
At the Mt. Trumbull site, 117 permanent plots, each 20 X 50 m, were established on a 300 meter grid.
There are 55 control plots, 61 treated plots and 1 plot that crossed the treatment/control boundary.
These plots were established from 1995 to 1997, prior to the implementation of restoration treatments.
Beginning in 1995, ecological restoration treatments of tree cutting and prescribed burning were applied. Treatment details were described by Roccaforte et al. (2009) . Briefly, all trees that pre-dated Euro-American settlement and the onset of fire exclusion (1870) were retained and protected from heat by having forest floor fuels raked away from their boles. Where evidence of dead pre-settlement trees was encountered, nearby large young trees were retained to replace the dead trees at a ratio of 150-300%. Slash was lopped and scattered. Prescribed burning was carried out in the fall or occasionally spring season. Seeding with native herbaceous species was done following burning in most areas. All plots were re-measured in the summer of 2003 after treatment; the 2003 measurement was used for our analysis (Roccaforte et al. 2009 ). Sampling plots were 0.1 ha (20 x 50 m) and were adapted from the National Park Service's Fire Monitoring plots Overstory trees with diameter at breast height (dbh) larger than 15 cm were measured on the entire plot. Pole-sized trees between 2.5-15 cm dbh were measured on one quarter of the plot (0.025 ha). All of the measured trees were tagged and tree attributes (species, dbh, height, crown base height, and condition) were measured. Seedlings and saplings <2.5 cm dbh were counted as regeneration and measured in a 0.005 ha subplot. Species, height class and condition were recorded.
Forest Simulation Modeling
The Forest Vegetation Simulator (FVS), an individual tree growth and yield statistical model (Dixon 2003) , was used to project future stand conditions under different climate, regeneration, and management scenarios (Table 1) . This model was chosen because it is widely available and Thin 60% plus prescribed burning * BAI = basal area increment is used across agencies to forecast forest growth and yield. It is a highly precise model of ponderosa pine growth, but because it is a statistical model based on past forest growth measurements it cannot directly simulate fluctuating environmental conditions, such as climate change. Model simulations were projected in 10 year increments for 100 years into the future (2008-2108) using the Central Rockies/Southwestern Ponderosa Pine variant of FVS. We calculated ponderosa pine site index using the formula found in Minor (1964) with age and height information from dominant and co-dominant trees;
we used a site index value of 33.4 m at the 100-year index age. The maximum stand density index when ponderosa pine composed 81 -100% of the stand was 1,269 trees ha
, assuming trees of 25.5 cm dbh (Woodall et al. 2005) . Each plot was treated as an individual stand for FVS modeling.
We modified the standard FVS model to simulate the effect of predicted climate change. We followed the example of Stage et al. (2001) , who modified FVS to reflect the ecological effects of climate change. Stage (2002) adjusted seasonal moisture stress and length of growing season to simulate climate change, affecting the rate of regeneration, mortality, fuel accumulation and the probability of wildfire (Stage 2002) . Similar to Stage et al. (2001 Stage et al. ( , 2002 , we manipulated two FVS keywords regulating tree growth and mortality to simulate effects of warmer and drier conditions that a recent consensus study of downscaled climate models predicts for the southwestern United States in the 21 st century (Seager et al. 2007 ). In semi-arid sites, tree ring growth is mostly limited by low moisture (Fritts 1974) , where wide rings indicate moist years and narrow rings indicate drought years (Schulman 1956 ). The FVS keyword
BAIMult is a multiplier used to change the predicted tree basal area increment. We tested a range of Tree mortality is expected to increase under drought conditions (Breshears et al. 2005) . To simulate higher mortality, we used the keyword FIXMORT, a defined proportion of mortality added to the background mortality predicted by the model. While trees are rarely killed by a single agent (fire excluded), drought is a stress that can predispose trees to other environmental factors that can cause mortality (Swetnam and Betancourt 1998 , McKenzie et al. 2004 , Breshears et al. 2005 . Mortality in severe drought in southeastern pine forests averaged 1% per year (Klos et al. 2009 ); 12% over 7 years in an oak-pine forest (Elliott and Swank 1994) . While much of the documented drought-induced mortality in the Southwest has occurred in pinyon-juniper ecosystems (Breshears et al. 2005 , Mueller et al. 2005 , McDowell et al. 2008 , ponderosa pine mortality reported at the ponderosa pine/pinyon-juniper ecotone ranged from 10-100% (Breshears et al. 2005 , McDowell et al. 2008 . The study most relevant to Mt. Trumbull looked at drought-caused mortality for several species in the years following the severe 2002 drought in northern Arizona (Gitlin et al. 2006) . Mortality of ponderosa pine measured at sites ranging from 2300 -3000 m in elevation, somewhat higher and more mesic conditions than at Mt.
Trumbull, ranged from 1 -83% and the average mortality was 15.9% for ponderosa pine (Gitlin et al. 2006) . Sites that suffer high mortality during one drought event are considered more likely to suffer higher mortality in future drought events (Mueller et al. 2005) . We tested a range of 0 -30% mortality per decade using the FIXMORT keyword at Mt. Trumbull. We considered this range to be reasonable because it included the 15.9% mortality observed by Gitlin et al. (2006) as well as the potential higher mortality of pine during more severe droughts.
Model results are reported in three categories related to climate effects. The standard FVS simulations are called No Climate scenarios. The climate scenarios include reduced basal area increment and increased mortality, as compared to the standard simulations. The Climate Low and Climate High scenarios are 15% and 30% mortality, respectively. All simulation conditions are described in Table 1 .
Finally, the Central Rockies variant of FVS, which we used, requires users to specify regeneration.
Regeneration was measured in the field by Roccaforte et al. (2009) . We entered regeneration species, percent survival (100%), age class and height in FVS. A previous study using FVS to model ponderosa pine forests with historical data in northern Arizona found that regeneration inputs to the model had to be increased by 40% over measured seedlings and sprouts to produce realistic results );
we followed the same procedure. Regeneration was implemented under the Natural and NoSprout keywords in FVS. Two regeneration scenarios were used for all modeling scenarios:
Regen Low -regeneration was established in 2008, with no further regeneration added to the simulation;
Regen High -regeneration was established twice during the simulation, once in 2008 and again in 2058, to simulate sporadic conifer regeneration in the Southwest (Savage et al. 1996) .
Management scenarios
We met with BLM and NPS land managers in 2007 to develop realistic management scenarios for conservation of the restored attributes of forest structure and fire regime. Ecological restoration is an explicit theme in the mission of Grand Canyon-Parashant National Monument, suggesting that there will be administrative support for sustaining the effects of restoration treatments over time. In some ecosystems, treatments based on historical reference conditions might be unsuitable under future climate regimes (e.g. Millar et al. 2007 ), but the reduction of biomass and reintroduction of surface fire in southwestern ponderosa pine are consistent with adaptation to predicted warming (Fulé 2008) .
No management
After the first implementation of restoration treatments to the treated area, the simulation was run without applying future treatments to either the control (No Management Control) or treated area (No Management Treated). This was the base model to which the other treatments were compared and it was the only management scenario considered for the control area.
Burning with three different fire return intervals
The treated area had three simulations with different prescribed burning intervals: 5, 10, and 20 years.
The 5-year burning interval was chosen because it is within the range of natural variability for ponderosa pine forests near Mt. Trumbull; mean fire intervals in ponderosa pine forests on the North Rim of the Grand Canyon reported by Fulé et al. (2003) ranged from 3-8.6 years. Because prescribed burning carries costs in terms of preparation and implementation, produces smoke, and has a risk of escaped fire, the land managers were interested in exploring the effects of longer-than-historical fire use. The 10-year burning interval was just above the maximum fire free interval of 9 years for the northern rim . Finally, we chose a longer 20-year interval because of evidence that even fires occurring at extended intervals can maintain open forest structure and reduce fuels (Fulé and Laughlin 2007) , while reducing costs and negative impacts of fire such as enhancing non-native species (Keeley 2006) .
We selected the Burn Frequency fuel treatment option to control fire intervals in FVS. Each fire interval had the same weather and burning conditions: wind speed was 4 km hr 
Burn during different seasons
Land managers wanted to test the application of prescribed burns in the summer to replicate the natural fire season, as opposed to the current practice of burning in the spring or fall. Therefore, we tested three different burning seasons: spring, summer, and fall. Each simulation was run with a fire return interval of 10 years. The percent of area of the stand burned remained the same for all three simulations (70%). The moisture level was 2 ("Dry") for the spring and fall burns, while it was 3 ("Very Dry") for the summer burn. The spring burn had a wind speed of 5.3 km hr -1 and average temperature of 14.7°C, while summer burn had a wind speed of 3.4 km hr -1 and an average temperature of 29.9°C. The fall burn is the same as described in the test of burn frequencies, above. The temperature and wind data were taken from the average 1998-2007 RAWS data from Nixon Flats and Mt. Logan. The spring, summer and fall data were taken from the months of April, July and October, respectively.
Thinning
Fuel reduction treatments via thinning would reduce the need to burn as often. However, thinning treatments are expensive and the typically small-diameter trees to be removed are of low economic value (Hierpe et al. 2009 ). Ponderosa pine was the only species thinned (Roccaforte et al. 2009 ). We selected two Thin Only fuel treatments in FVS. Land managers required thinning prescriptions that removed basal area from both below and above 50% of the total basal area. Both simulations had two prescriptions fifty years apart, in 2048 and 2098. The Thin 60% scenario had 60% of basal area removed.
The Thin 40% scenario had 40% of basal area removed. Pine trees < 70 cm dbh were available to be thinned, while trees ≥ 70 cm dbh were left on the landscape, matching the diameter limits used during the initial restoration ).
Burn and Thin
Forest restoration in much of the Southwest involves both tree thinning and prescribed fire (Covington et al. 1997 , Allen et al. 2002 ; our final management scenario linked these treatments to emulate the original restoration treatment and to compare to burning or thinning alone. The treated area had the two thin from below treatments (Thin 40% and Thin 60%) with prescribed burning every 10 years.
Assessing Model Outcomes
To assess the outcomes of the scenarios, simulated future forest characteristics were compared with the . Tree density is a problematic variable for comparisons, because it is the least precise in reconstructions and numerically dominated by small-diameter sprouting species that contribute little to basal area or biomass. Therefore we focused on basal area as a relatively stable criterion over time, familiar to forest managers, and consistently related to aboveground biomass and carbon.
The original goal of the forest restoration initiative at the Grand Canyon-Parashant National Monument was to sustain the forest in conditions similar to the range of historical variability .
Therefore, at the end of the 100-year simulation period, landscape basal areas within ±20% of the minimum and maximum reconstructed or post-treatment values (range 6.6-23.3 m 2 ha -1
) were considered to represent "success" in terms of sustainability of the management regime. However, recognizing that different aspects of forest structure may be important for different management goals and that goals may need to be adjusted with climate change, we report the values of all end-ofsimulation variables.
Ponderosa pine trees cut in simulated thinnings were assessed in terms of wood volume (m 3 ) and sawn wood products (board-feet). The current market for small-diameter wood products in the Southwest is in considerable flux and values depend on haul distance and geographical area as well as tree diameter.
We approximated the value of wood at a rate of $17 per m 3 , an average of U.S. Forest Service estimates (Waring et al. 2009 ). Values are shown in current dollars for comparison because the thinning dates were arbitrary and discounted values would tend to confuse the effect of the date with the value of the wood.
Biomass and Carbon Measurements
We selected local species-specific aboveground biomass formulas for each tree species, except New Mexican locust. We found no biomass models for New Mexican locust or any similar species. New
Mexican locust plays an important role in tree density, nutrient cycling (N fixation), and wildlife habitat.
However, since they are small and shrubby in stature, they comprised a negligible percentage of basal area on the landscape, so the lack of a model would not greatly impact the estimation of overall biomass on the landscape. Carbon was taken as 48% of the total biomass (Kaye et al. 2005) .
Ponderosa Pine
We selected the following relationships from Kaye et al. (2005) rather than those in Jenkins et al. (2003) , because the Kaye et al. (2005) models are species-specific and from the southwestern region. 
Gambel Oak
We used relationships for stem wood and bark, branches live, stem and branches live, and foliage from Clary and Tiedemann (1987) . The range for diameter at root collar (drc) was 1-32cm. The trees at our research site were originally measured at dbh, so we converted dbh to drc using a model from Chojnacky and Rogers (1999) :
The models used to measure biomass were as follows: Another option was to use the whole tree model from Chojnacky and Moisen (1993) , but Clary and Tiedemann (1987) gave a similar whole-tree results with greater flexibility to look at tree components.
Pinyon Pine
We used models from Grier et al. (1992) . The trees were originally measured at dbh, so a formula from Chojnacky and Rogers (1999) was used to convert it: drc pinyon =1.25301 + (2.1801 + (1.0189*dbh))
Biomass was estimated by the following models. The drc ranges from 5-45 cm. The Grier et al. (1992) model is species specific and has formulas for the different components of the tree versus the generalized Jenkins et al. (2003) model.
Utah Juniper
We used the models from Chojnacky and Moisen (1993) with a dbh range was from 2-112 cm.
Whole tree (aboveground): e (-0.86896+1.65228*(ln dbh))
Chojnacky and Moisen (1993) was chosen over Jenkins et al. (2003) because it species and regionally specific.
Key Findings
Forest Structure
Future forest structure varied in consistent ways among the various scenarios of climate, management, and regeneration (Table 2) : (1) simulated effects of warming climate consistently reduced forest density;
(2) no management consistently resulted in the most dense forests, while burning resulted in the least dense forests; and (3) high regeneration scenarios had higher tree densities-though not necessarily higher basal areas-than low regeneration scenarios.
Climate scenarios had the greatest impact on the sustainability of treatments over the 100-year simulation period (Figure 2 ). Under the most severe condition, Climate High, only 4 of the 12 management scenarios ended the simulation with basal area within the broad target range (6.6-23. , and only the treatment which started at the highest density, the No Management Control, ended M o d e l i n g F o r e s t C h a n g e a n d M a n a g e m e n t A l t e r n a t i v e s Page 15 ) as a guide to treatment success, restoration of a 5-year burn interval produced a landscape basal area after 100 years averaging 13.6-13.8 m 2 ha -1 depending on the regeneration scenario (Table 2) ), while the 20-year interval maintained forest structure within the appropriate range (9.9 m 2 ha -1
).
Wood Removed
Regeneration scenarios and climate scenarios changed the amount of wood harvested during the simulation (Table 3) . Although the thinning prescriptions were calculated as a percentage of basal area, the restrictions on species thinned (ponderosa pine only) and maximum size (70 cm dbh) resulted in great variability in the numbers of trees thinned, ranging from as few as 2.5 to over 3,000 pine trees ha -1 (Table 3) , and relatively little impact of thinning treatments on total basal area ( Figure 3 ). Ponderosa pine volume from the scenarios which used thinning treatments ranged from approximately 1,900 to over 6,300 m 3 ha -1 in 2048, the first thinning, and a broader range of 700-8,800 m 3 ha -1 in 2098, the second thinning entry (Table 3) . Sawn wood products, expressed in board-feet ha
, depend on the M o d e l i n g F o r e s t C h a n g e a n d M a n a g e m e n t A l t e r n a t i v e s Page 19 (Table 4) .
Biomass
Changes in biomass (Table 5 ) paralleled changes in basal area (Figures 2 and 3) , with climate, fire treatment, and regeneration scenario having the greatest effects. Biomass in both the control and treated areas reached high levels (180-239 Mg ha -1 in the no-management scenario without climate change (Table 5a ), indicating that a lack of management actions reversed the effects of the original restoration treatments relatively quickly. Under increasingly severe climate change, however, the nomanagement scenerios were reduced in biomass by as much as 58% compared to the standard model (Table 5b , c). Oak, pinyon, and juniper biomass were higher in scenarios that did not have burning as a treatment. Carbon naturally followed the same trends as total biomass, with a great range in aboveground C stocks after 100 years, from a high near 115 Mg ha -1 to a low of 8.4 Mg ha -1 (Table 6 ).
Management Implications
Climate change alters the management strategy for a restored ponderosa pine forest. A central management goal is to sustain treatment effects to protect forests from current and severe disturbance, while being conservative in respect to the effects of future climate. Given forecasts for deleterious effects on tree growth and mortality, the best management strategy may be to take actions that will have a lesser impact on tree mortality (i.e. longer burning return intervals or thinning at low densities), minimizing the mortality from treatments to be added to climate change mortality.
Under more intense climate change, managing may also change across a site with respect to elevational gradients. Fulé (2008) suggested that priority areas for restoration management may include mid-to high-elevation zones, while low-elevation ecotones may merit less management intervention due to the potential for greater loss as vegetation ecotones shift upward.
Carbon management is an increasingly important goal of forest conservation, but large amounts of carbon can be lost due to wildfire or other sources of mortality (Dore et al. 2008) . The use of prescribed Table 6 . Aboveground carbon results in Mg ha -1 for the end of the simulation. Initial total carbon for the control scenario is 75.5 Mg ha -1 and for the treated scenario is 54.8 Mg ha -1 and is the same for all of the treatment scenarios.
fires will release carbon to maintain restored sites, but at much lower levels than the sudden increase of released carbon from wildfires (Hurteau and North 2009) . Wildfires are the primary source of unintentional carbon emissions from forested ecosystems in the western United States (Stephens 2005) .
Ecological restoration and fuel treatments aim to maintain carbon stocks in a frequent-fire-adapted forest by making it more resistant to fire, drought and disease, typically by reducing the density of small diameter trees (Covington et al. 1997 , Millar et al. 2007 ). Our analysis shows that there are several feasible management strategies to maintain these desirable characteristics in the future, but they are sensitive to climate change effects. Under current climate, restoring the historical frequent-fire regime is sufficient to maintain the open forest conditions found after restoration treatments at this southwestern landscape. If climate change reduces tree growth and increases mortality, however, then the management strategy shifts to a lesser-impact regime of more widely spaced fires. This difference implies two key findings: (1) the management strategies for conserving treated forests are sensitive to climate change, so managers should consider basing actions on a combination of historical reference data and predicted climate effects, and (2) while it has been widely predicted that future climate conditions will support more burning (warmer, drier fuels, longer fire season), our modeling suggests that the production of fuels will decline, so there will eventually be a tradeoff between increased fire driven by climate vs. less fuel, also driven by climate.
Relationship to other recent findings and ongoing work on this topic
Simulation reliability and climate impacts
The Forest Vegetation Simulator is a widely used modeling system available to managers of public lands in the US. The tree growth models in the FVS variant we used were developed with data from sites that are geographically and edaphically similar to our study area (Edminster et al. 1991) . Simulation results should therefore be quite precise in the absence of climate change. Modifying FVS variables to reflect the effects of climate change is inherently more uncertain (Stage et al. 2001) , which is why we analyzed two different levels of potential climate impact. As with any modeling exercise, the relative differences between different scenarios are probably more reliable indicators than the actual numbers predicted by the model.
Given this caveat, however, the simulation results show that climate effects are the single biggest factor affecting future forest outcomes. Current conditions (no climate change) are the most favorable for tree growth, leading to extraordinarily dense, high-biomass forests after 100 years in the absence of management intervention. Due to the high loading of continuous canopy fuels , high likelihood of mortality from forest pathogens (Breshears et al. 2005 , Waring et al. 2009 , and increased probability of drought and severe fire weather in the coming decades (Westerling et al. 2006 , Seager et al. 2007 , it is unlikely that such forests could be sustained or even that many such areas would survive for as long as the 100-year simulation period.
Under a scenario of current climate, management regimes of frequent surface fire at 5 or 10 year intervals, similar to the historical fire patterns (Swetnam and Baisan 1996) , would be suitable for maintaining the effects of the original restoration treatment for at least a century and presumably
indefinitely. This finding is consistent with our understanding of the long-term effects of the historical fire regime, which appears to have been in place since the arrival of the modern vegetation 10-12,000 years ago (Weng and Jackson 1999) and has much longer antecedents in evolutionary history (Covington 2003) .
Climate change effects interact with management regimes, however, to alter the selection of management strategies for maintaining restored pine forests. While considerable uncertainty surrounds the specifics of future forest conditions, the two climate-related scenarios we used should give an idea of the extent of relatively moderate and more severe changes.
Under the climate change scenarios, forest density, biomass, and C stocks were all reduced relative to the current condition scenario. This reduction in potential fuel would counteract the expected increase in severe fire weather conditions (McKenzie et al. 2004 , Westerling et al. 2006 , suggesting that there may be a balance point between future fuel availability and future fire weather. In our simulations, the reduction associated with the higher level of climate change even led one no-management treatment (Treated, Regen Low) to end up within the target range after 100 years. In general, climate effects amplified the lethal effects of disturbance: thinning and fire, especially the latter, had more severe impacts in the climate-stressed forest than under current conditions. Surface fires at 5 or 10 year intervals served to maintain the forest under current climate but caused degradation to open savannah conditions (< 6 m 2 ha -1
) under the higher level of climate change. In this climate scenario, fire intervals had to be lengthened to 20 years, well above the historical southwestern average, to have the desired maintenance effect.
Management scenarios
The No Management Treated scenario showed that without any further management, a restored forest will return to the same density as an unrestored forest. This indicates that the initial restoration treatment was not sufficient in itself to keep a forest in a restored state with the reduced hazard of stand-replacing fire. This point had long been recognized by practitioners; Roccaforte et al. (2009) concluded the key point of their study at Mt. Trumbull was that the first implementation of restoration treatments had not "restored" the forest and that further management consistent with historical ecosystem processes was needed.
Burning and thinning treatments provided different results according to their prescriptions and climate and regeneration scenarios. Fire effects varied with climate and frequency, as noted above, but seasonality made minimal difference. There is little research to support or refute the lack of seasonality impact, even in the case of animals that might be expected to be seasonally sensitive (Monroe and Converse 2006) . Burning in different seasons may also affect the composition and diversity of the understory community, including the abundance and distribution of invasive species (Crawford et al. 2001 , Keeley 2006 , Laughlin and Fulé 2008 .
While thinning products may help offset the cost of restoration, the cost of thinning may be much more expensive than can be recovered from the harvested products. Thinning costs $750-1,750 per ha -1 in current dollars (Hjerpe et al. 2009 ). Since thinning revenues varied widely (Table 4) , the best case scenario might only lose a few hundred dollars per hectare but the typical thinning revenues were < $100. Note that values are expressed in current dollars. Future costs and revenues will be different in absolute values, but comparisons are likely to be stable in relative terms, indicating that future thinning is unlikely to have a substantial economic contribution to offset maintenance treatment costs. While the Thin only scenarios maintained a basal area higher than that of the initial restoration, thinning alone would not regulate forest density under the constraints we imposed (Figure 3 ) and would not reestablish the ecological role of fire disturbance regimes (Allen et al. 2002) which is important to certain ecosystem processes like nutrient cycling.
Ponderosa pine had the highest biomass of all of the tree species, usually consisting of 50% or more of the total biomass. Ponderosa pine biomass calculated in this study was within the range of other studies (Whittaker and Niering 1975, Kaye et al. 2005) . Whittaker and Niering (1975) 
Future Work Needed
Our modeling approach has certain limitations. While FVS was able to predict oak mortality from fire, the model was not able to account for potential species shifts due to climate change. While the model shows that an increase in climate change will decrease fuels on the landscape (i.e., less biomass, decreased basal area per ha -1 ), the model did not account for the potential increase in other tree species due to drought mortality. Migration of species from lower elevations, junipers and pinyon pine, into ponderosa pine habitat has been observed during other severe droughts (Allen and Breshears 1998 , Breshears et al. 2005 , McDowell et al. 2008 . Changes in vegetation composition would also change the biomass and fuel connectivity from that of a ponderosa pine-oak forest.
The model was also unable to simulate the effects of different scenarios on understory vegetation.
Treatments such as thinning and prescribed fire have different effects on the herbaceous understory depending on the intensity and type of thinning and the frequency, intensity and season of fire (Tiedemann et al. 2000 , Wienk et al. 2004 . While restoration has been observed to increase herbaceous standing crop (Moore et al. 2006) , the presence of cheatgrass (Bromus tectorum) and other invasives on the site may increase in abundance and distribution with certain management activities (e.g. fire) (McGlone et al. 2009 ). However, longer fire return intervals may reduce the risks of spreading invasives (Keeley 2006 
